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Introduction {#sec1}
============

The accessibility to the nuclear genetic code regulates transcriptional programs, controls genomic integrity, and critically influences proliferation and differentiation of eukaryotic cells. The maintenance of chromatin plasticity plays an essential role in stress responses as well as dynamic homeostatic adaptations to environmental cues ([@bib16], [@bib28], [@bib33]). The fundamental repeating unit of chromatin is the nucleosome, consisting of 147 bp of DNA wrapped around an octamer of histone proteins. The formation of local chromatin subdomains with a distinct DNA accessibility depends on the intrinsic biochemical properties of the nucleosome components ([@bib16]). The replacement of canonical histones with histone variants often alters the DNA binding and its compaction around the core particle. While canonical histones are highly expressed exclusively during S phase, variant counterparts are expressed throughout the cell cycle and their incorporation occurs in a replication-independent manner ([@bib35]). Exciting new insights have uncovered the relevance of histone variants as regulatory elements of local chromatin structure and dynamics ([@bib3], [@bib17], [@bib35], [@bib36]). Histone variants contain unique larger domains or have limited differences in the amino acid sequences compared to their canonical counterparts. The histone variant H3.3 is evolutionarily conserved throughout the animal kingdom ([@bib30]). Compared to canonical H3, the four AAIG residues in positions 87 to 90 define the motif recognition for the specific binding to the histone chaperones HIRA and DAXX ([@bib6], [@bib7], [@bib26], [@bib31]). In invertebrates as well as in mammals, two genes encode for an identical H3.3 protein. In the nematode *Caenorhabditis elegans*, H3.3 is highly expressed and incorporated during embryogenesis, in different larval stages, and in adult animals ([@bib23]). Similar expression profiles are observed in other metazoans ([@bib3]). H3.3-containing nucleosomes may mark transcriptionally active chromatin, influencing a large number of biological processes ([@bib10]). In neurons, activity-dependent transcription of selected immediate early genes requires DAXX/ATRX-mediated loading of H3.3 in a calcium- and calcineurin-dependent manner ([@bib19]). Consistently, loss of HIRA-mediated H3.3 loading critically impairs chromatin homeostasis and transcriptional regulation in postmitotic cells ([@bib21]). Moreover, H3.3 proteins reach saturation levels in postnatal brains of both rodents and humans ([@bib18], [@bib24]). As shown recently, the dynamic turnover of H3.3 is considered a novel epigenetic mechanism regulating plasticity in fully differentiated cells ([@bib18], [@bib36]). Because H3.3 accumulates significantly in post-replicative cells, one should expect a critical contribution of H3.3 to age-related changes of chromatin organization and DNA accessibility, with important consequences on organismal aging. Despite the biological relevance of this intriguing possibility, the importance of H3.3 in pro-longevity signaling pathways still remains unaddressed ([@bib29]). Here, we use *C. elegans* to elucidate the importance of the replication-independent histone variant H3.3 in the context of diverse pro-longevity signaling pathways. We demonstrate that genetic deletion of H3.3 impairs the lifespan extension of various long-lived mutants. Notably, insulin/IGF-1/DAF-2 mutant animals lacking H3.3 exhibit an altered pattern of gene expression, including many DAF-16 target genes. Taken together, our study clearly demonstrates the relevance of H3.3-mediated epigenetic processes that control lifespan-extending signaling pathways.

Results {#sec2}
=======

H3.3 Expression Changes in *C. elegans* over Time {#sec2.1}
-------------------------------------------------

In *C. elegans*, the five annotated genes *his-69*, *his-70*, *his-71*, *his-72*, and *his-74* encode H3.3-like proteins ([@bib23]). However, only the HIS-71 and HIS-72 proteins are functional histone H3.3 because they contain the evolutionarily conserved AAIG motif and the threonine 31 that can be potentially phosphorylated ([Figure 1](#fig1){ref-type="fig"}A) ([@bib23]). Adult nematodes comprise somatic postmitotic cells and the gonadal tissue of dividing germ cells, where the expression of replication-coupled H3 variants is likely to occur throughout the entire lifespan of the organism. To determine H3.3 expression, we initially performed single-cell imaging analysis of nematodes carrying the fluorescent reporter *his-72p::his-72::gfp* ([@bib23]). In somatic cells, we observed a significant increase in HIS-72::GFP fluorescence over time ([Figure 1](#fig1){ref-type="fig"}B). To confirm these data with an alternative strategy, we used a genetic approach in *C. elegans*. Specifically, *glp-1* temperature-sensitive mutations were used to deplete the organism of dividing germ cells ([@bib1], [@bib2]). Under non-permissive temperature, germline-defective animals exhibited an age-dependent increased expression of *his-72* and *his-71* mRNA ([Figures 1](#fig1){ref-type="fig"}C and 1D). Consistently, immunoblot analysis of *glp-1* mutants carrying the *his-72p::his-72::gfp* transgene showed a time-dependent increase of the HIS-72::GFP protein ([Figures 1](#fig1){ref-type="fig"}E and [S1](#mmc1){ref-type="supplementary-material"}A). Because the genomic location may influence the expression of randomly integrated transgenes, we obtained additional lines in which the two endogenous *his-72* and *his-71* sequences were substituted with cDNA encoding human H3.3 (hH3.3) fused to a HA-tag and a Myc-tag, respectively ([Figure 1](#fig1){ref-type="fig"}F). In agreement with our previous findings and with earlier studies in mammals ([@bib18], [@bib24]), hH3.3-HA and hH3.3-Myc protein levels increased over time in *glp-1* mutants ([Figures 1](#fig1){ref-type="fig"}G and [S1](#mmc1){ref-type="supplementary-material"}B). Overall, we demonstrate an age-dependent increase of histone H3.3 in *C. elegans* postmitotic cells.

Genetic Manipulation of H3.3 Expression Affects the Survival of Long-Lived *daf-2* Mutants and Alters the Expression of a Large Set of Genes {#sec2.2}
--------------------------------------------------------------------------------------------------------------------------------------------

Complete loss of H3.3 results in lethality in mice and sterility in *Drosophila melanogaster* ([@bib11], [@bib32]). We set out to determine the impact of *his-72;his-71* loss-of-function (*lf*) on *C. elegans* lifespan. We found that H3.3-deficient nematodes reached adulthood without a developmental delay and were fertile. However, H3.3 mutants exhibited a significant "bagging" phenotype, which involves eggs hatching inside the animal body ([Figure 2](#fig2){ref-type="fig"}A). Expression of hH3.3 completely suppressed this phenotype ([Figure 2](#fig2){ref-type="fig"}A). Furthermore, we showed that H3.3-deficient animals survived less when exposed to a stressful concentration of paraquat ([Figure 2](#fig2){ref-type="fig"}B; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}), suggesting that H3.3 may play a role in animal stress resistance and response. We assessed the lifespan of wild-type (WT), *his-72;his-71* double mutant, and hH3.3-expressing nematodes. Much to our surprise, H3.3-deficient animals had a similar median lifespan to WT ones, while expression of hH3.3 and HIS-72::GFP had no effect on *C. elegans* survival ([Figures 2](#fig2){ref-type="fig"}C--2E; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). We reasoned that, while H3.3 is dispensable in a WT background, it might play a role in pro-longevity programs that specifically require active transcription and expression of a broad range of genes. We initially focused on a hypomorphic mutation in the gene *daf-2*. Mutant nematodes for the insulin/IGF-1 receptor DAF-2 show a dramatic increase in health and lifespan, often even doubling it compared with WT animals ([@bib12]). This lifespan extension is mediated by the transcription factor DAF-16/FOXO, as *daf-16* deletion completely abolishes the long-lived phenotype observed in *daf-2* single mutant animals ([@bib14], [@bib22]). Consistent with our hypothesis, *his-72;his-71*(*lf)* significantly affected the lifespan extension of *daf-2(e1370)* animals ([Figure 2](#fig2){ref-type="fig"}F; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}), while deletion of *his-72* alone did not ([Figure S1](#mmc1){ref-type="supplementary-material"}C; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). Notably, genetic deletion of H3.3 had a negligible effect on survival of short-lived *daf-16;daf-2* double mutant nematodes ([Figure 2](#fig2){ref-type="fig"}F; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). These results strongly suggest that H3.3 is necessary for the proper engagement of pro-survival processes present in *daf-2(e1370)* animals. Given previous findings in mammals ([@bib18], [@bib19], [@bib21]), we hypothesized that H3.3 loss may affect the transcription of pro-survival genes in insulin/IGF-1-deficient *daf-2* mutants. We performed mRNA next generation sequencing (NGS) on WT, *his-72;his-71*, *daf-2*, and *daf-2;his-72;his-71* mutant animals. When we analyzed the number of genes that were significantly up- or downregulated, we found that 993 of them were significantly dysregulated in *his-72;his-71* double mutants compared to WT animals ([Figures 2](#fig2){ref-type="fig"}G and 2H). However, when we analyzed gene expression profiles in *daf-2;his-72;his-71* and *daf-2* mutants ([Figures 2](#fig2){ref-type="fig"}G and 2H), we saw that many of them revert back to WT levels. Specifically, 54% of the genes that were upregulated in *daf-2* animals no longer differed significantly with WT levels in *daf-2;his-72;his-71* triple mutant nematodes (5% false discovery rate \[FDR\]). Thirty-six percent of the genes that were downregulated in *daf-2(e1370)* animals were no longer significantly affected in H3.3-deficient *daf-2(e1370)* mutants, when compared to WT ones (5% FDR) (data not shown). In *daf-2* mutants lacking H3.3, the number of dysregulated genes increased dramatically: 8,220 genes were significantly upregulated or downregulated in *daf-2;his-72;his-71* triple mutants compared to hypomorphic *daf-2* animals ([Figures 2](#fig2){ref-type="fig"}G and 2H). These results show that *his-72;his-71(lf)* severely impacts gene transcription in long-lived *daf-2* mutant animals. We then focused specifically on DAF-16 targets. We identified putative DAF-16 target genes from previous chromatin immunoprecipitation sequencing (ChIP-seq) analysis ([modencode.org](http://modencode.org){#intref0010}). A total of 8,001 genes were found to be immediately downstream of binding sites of DAF-16. Following cross-reference with our RNA sequencing (RNA-seq) data, we found that 1,208 of those genes were also significantly upregulated in *daf-2* mutants ([Figure 2](#fig2){ref-type="fig"}I). Of these putative DAF-16 targets, 722 (60%) were significantly altered in *daf-2;his-72;his-71* triple mutants compared to *daf-2* mutant animals (5% FDR, [Figures 2](#fig2){ref-type="fig"}J and 2K). Notably, 65% of those were fully downregulated back to WT expression levels (5% FDR, [Figures 2](#fig2){ref-type="fig"}J and 2K), indicating the profound effect of H3.3 deficiency on DAF-16-mediated transcriptional programs. To further validate our findings, we performed qRT-PCR of *sod-3* and *gst-4*, two well-known DAF-16 targets ([@bib20]). We showed that *his-72;his-71*(*lf)* dramatically inhibited the expression of *sod-3* and *gst-4* in *daf-2* mutant animals ([Figure 2](#fig2){ref-type="fig"}L). There was no significant difference in expression levels of these two genes in *his-72;his-*71 double mutant animals compared to WT ones ([Figure 2](#fig2){ref-type="fig"}L). Similarly, *sod-3* and *gst-4* expression was not altered in *daf-16;daf-2;his-72;his-71* quadruple mutant compared to *daf-16;daf-2* double mutant animals ([Figure 2](#fig2){ref-type="fig"}L). Finally, a first chromatin immunoprecipitation analysis indicated HIS-72::GFP deposition at *sod-3* and *M01H9.3* promoters, suggesting that H3.3 may directly affect the expression of DAF-16 targets ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Taken together, we conclude that insulin/IGF-1/DAF-2 deficiency employs H3.3 for the full engagement of the transcription program and for its beneficial effects on organismal aging.

H3.3 Is a Key Regulator of Various Pro-longevity Signaling Pathways Associated with Active Transcription {#sec2.3}
--------------------------------------------------------------------------------------------------------

To determine whether the effect on survival was specific for insulin/IGF-1/DAF-2 impaired animals, we measured the lifespan of other long-lived animals lacking H3.3. We first tested the survival of *glp-1* mutants grown under non-permissive temperature. At a restrictive temperature of 25°C, *glp-1(bn18)* animals lack the germline and are long-lived in a DAF-16/FOXO-dependent manner ([@bib1], [@bib13]) when compared to WT, which have a much shorter lifespan than when they are grown at 20°C. Complete loss of H3.3 reduced the lifespan extension due to *glp-1* mutations ([Figures 3](#fig3){ref-type="fig"}A and 3B; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}), whereas *his-72* or *his-71* single mutations did not ([Figures S1](#mmc1){ref-type="supplementary-material"}E and S1F; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). Notably, expression of HIS-72::GFP as well as hH3.3 almost completely rescued the lifespan effect of *his-72;his-71*(*lf)* in a *glp-1* background ([Figure 3](#fig3){ref-type="fig"}B; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). To determine whether H3.3 contributes exclusively to DAF-16-mediated programs, we assessed the impact of H3.3 deletion in the survival of complex I-deficient *nuo-6* mutants ([@bib37]). As in other long-lived mitochondrial mutant nematodes ([@bib5], [@bib8]), mild decrease of mitochondrial activity promotes metabolic changes and induces a beneficial stress response that ultimately results in an increased lifespan of *nuo-6* mutant nematodes. We showed that H3.3 loss affected the survival of *nuo-6* mutant nematodes, with a resulting median lifespan statistically much shorter than WT ([Figure 3](#fig3){ref-type="fig"}C; [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"}). Consistent with our previous observations, H3.3 deficiency considerably altered the expression profile of genes in a *nuo-6* background. While H3.3 loss results in expression changes of \<1,000 genes in a WT background ([Figures 2](#fig2){ref-type="fig"}G, 2H, [3](#fig3){ref-type="fig"}D, and 3E), we observed a much more dramatic dysregulation (6,305 genes) in *nuo-6;his-72;his-71* triple mutants compared to *nuo-6* single mutant animals ([Figures 3](#fig3){ref-type="fig"}D and 3E). Taken together, these data support a more general role of H3.3 in lifespan regulation of pro-longevity transcriptional programs.

Discussion {#sec3}
==========

H3.3 is a replication-independent histone variant and is the main H3 variant in postmitotic cells. Apart from its role in development ([@bib3]), H3.3 critically influences cellular senescence, mediates tumor suppression and significantly contributes to cognition and neuronal function ([@bib18], [@bib25], [@bib36], [@bib38]). Consistent with previous findings in mammals, we demonstrated that H3.3 expression increased over time in *C. elegans*. Our work focused on the positive role of H3.3 in the regulation of commonly studied lifespan-extending paradigms in *C. elegans*. Although H3.3-deficient nematodes were more sensitive to stressful conditions, their survival was not different from WT animals. Through NGS analysis, qRT-PCR, and lifespan assays, we conclusively demonstrated that the presence of H3.3 was necessary for the proper engagement of survival programs that ultimately delay age-related phenotypes. Indeed, whether in impaired insulin/IGF-1/DAF-2 nematodes, long-lived mitochondrial mutants, or germline-deficient animals, H3.3 deficiency suppressed the anti-aging effects of distinct signaling pathways that significantly lengthen *C. elegans* lifespan. Clearly, the impact of H3.3 loss-of-function on longevity varied at different levels. In *daf-2(e1370)* mutants, lack of H3.3 reduced the median survival by almost 30%, while it almost completely abrogated the lifespan extension of *glp-1(bn18)* mutants. Remarkably, we found that *his-72;his-71(lf)* considerably compromised the survival of *nuo-6* mutants and resulted even in a much shorter lifespan compared to WT animals. It is tempting to speculate that H3.3 deficiency may transform into detrimental those mitochondrial stress signals that are required in development for promoting longevity of mitochondrial mutant animals ([@bib34], [@bib39]). Through our NGS data, we demonstrated that H3.3 contributed to the correct expression of many pro-longevity genes, which are essential for the proper stress response and metabolic adaptation in long-lived mutants. Does H3.3 modulate longevity through a preferential set of transcription factors? Because H3.3 deficiency altered various lifespan-extending paradigms, we favor a model where dynamic H3.3-dependent nucleosomal turnover delays global transcriptional silencing and facilitates epigenetic plasticity in response to various signals. We suggest that the loss of this H3 variant is more impactful in those contexts in which active gene transcription critically determines longevity.

Aging and cellular senescence are complex multifaceted processes that inevitably affect the health of living organisms. The fitness decline, the progressive accumulation of damage, and the increased susceptibility to diseases are the inevitable consequences of time-dependent loss of homeostatic mechanisms that critically contribute to the proper maintenance of tissue structure and function ([@bib15]). Many of the pro-longevity signaling pathways require a certain chromatin landscape that allows the access to the genetic material and, therefore, distinct expression signatures. Along with a wide range of histone modifications ([@bib4], [@bib9]) as well as local changes of chromatin structure through the activity of the SWI/SNF/BAF complex ([@bib27]), the presence of H3.3 is required for a dynamic chromatin structure that stimulates longevity, perhaps through its continuous turnover as occurs in mammals ([@bib18], [@bib21], [@bib36]). We propose that the replication-independent histone variant H3.3 is a common epigenetic regulator of various lifespan-extending programs in metazoans and contributes to their longevity by shaping transcriptionally active chromatin subdomains.

Experimental Procedures {#sec4}
=======================

*C. elegans* Strains and Methods {#sec4.1}
--------------------------------

*C. elegans* strains were grown on NGM plates and on OP50 bacteria as a food source. The following *C. elegans* strains were used in this work: wild-type N2 (Bristol), BAN1 *daf-2(e1370)III*, BAN126 *zuIs178\[his-72p::his-72::gfp\]*, BAN131 *his-72(tm2066)III;his-71(ok2289)X*, BAN141 *nuo-6(qm200)I;his-72(tm2066)III;his-71(ok2289)X*, BAN147 *daf-16(mu86)I;daf-2(e1370)III;his-72(tm2066)III;his-71(ok2289)X*, BAN151 *daf-2(e1370)III;his-72(tm2066)III;his-71(ok2289)X*, BAN155 *daf-16(mu86)I;daf-2(e1370)III*, BAN166 *glp-1(or178)III;zuIs178\[his-72p::his-72::gfp\]*, BAN173 *glp-1(bn18)III;his-72(tm2066)III;his-71(ok2289)X*, BAN195 *his-72(eIs1\[hH3.3::HA* + *loxP unc-119(+) loxP\]); his-71(eIs2\[hH3.3::Myc + loxP unc-119(+) loxP\]),* BAN239 *glp-1(bn18)III;his-72(eIs1\[hH3.3::HA* + *loxP unc-119(+) loxP\]);his-71(eIs2\[hH3.3::Myc + loxP unc-119(+) loxP\]),* BAN259 *glp-1(bn18)III;his-72(tm2066)III;his-71(ok2289)X;zuIs178\[his-72p::his-72::gfp\]*, DG2389 *glp-1(bn18)III*, EU552 *glp-1(or178)III*, FX2066 *his-72(tm2066)III*, JJ1850 *unc-119(ed3)III; zuIs178\[his-72p::his-72::gfp\]*, and RB1781 *his-71(ok2289)X*.

Chromatin Immunoprecipitation {#sec4.2}
-----------------------------

Chromatin was extracted from *his-72p::his-72::GFP* embryos by bleaching gravid adults with NaClO and NaOH. Embryos were fixed in 2% formaldehyde for 30 min and incubated with 125 mM glycine for 5 min. Embryos were washed with 1× PBS with protease and phosphatase inhibitors, pelleted, and stored at −80°C. Embryos were washed twice in FA Buffer (50 mM HEPES/KOH pH 7.5, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 150 mM NaCl) with 0.1% sarkosyl and protease/phosphatase inhibitors and dounced in a glass dounce homogenizer. Embryos were sonicated 2× for 15 min in a Bioruptor sonicator for 15 cycles of 30 s. Cell debris were pelleted and discarded, while Bradford Assay was used to quantify protein content in the supernatant. Approximately 0.5 mg of protein was incubated with either α-GFP (Cell Signaling 2555) or α-IgG (Cell Signaling 2729) at 4°C overnight. Samples were then incubated with 40 μL of magnetic beads (Active Motif) at 4°C for 6 hr, and the chromatin was eluted as per the manufacturer's instructions. Protein was digested with Proteinase K at 50°C for 1 hr and crosslinks reversed at 65°C overnight. DNA was purified with a QIAGEN PCR purification kit and qPCR was performed with Power SYBR Green Master Mix (Applied Biosystems) on a One Step Plus Real Time PCR System (Applied Biosystems) with the following primers: *sod-3* (1 kb upstream of gene): F 5′-ctgcagtgattcagagaggttga-3′ R 5′-aacattttcatatttgcatagtcactcc-3′; *sod-3* (100 bp upstream of gene): F 5′-tgtgctggccttgcatgtt-3′ R 5′-aatgcatttcgggacgttag-3′; and *M01H9.3*: F 5′-tcagaaaaggtatgggtgtgg-3′ R 5′-ctgctggtccaaatggtagg-3′. ΔΔCt values were normalized to Input and represented as fold enrichment compared to IgG-precipitated negative controls.

Lifespans Experiments {#sec4.3}
---------------------

All lifespan assays were performed at 20°C or 25°C, as indicated. Synchronous nematode populations were obtained by bleaching with a solution of NaOH and NaClO. Progeny was grown on OP50-containing NGM plates. Animals were transferred to fresh plates every second day and examined for touch-provoked movement and/or pharyngeal pumping, until death. Oxidative stress assay was performed in late L4 larvae transferred to a 96-well plate and containing 40 μL of 200 mM paraquat (SIGMA) per well.

Fluorescence Microscopy {#sec4.4}
-----------------------

GFP analysis was performed on 4- and 8-day-old nematodes carrying *his-72p::his-72::gfp* and treated with Levamisole for 5 min. Approximately 15 animals per condition were used. Z stacks of paralyzed animals were taken using a fully inverted motorized Nikon microscope, in association with a Yokogawa Spinning Disk connected to one back-illuminated EM-CCD cameras (Andor iXON DU-897, 512 × 512 pixels, 16 bit, 35 frames/s). The set up was equipped with a 20× (Nikon) and 100× oil objectives. Nuclear fluorescence was quantified using the maximum projections of z stacks with Fiji software. Data were normalized to background.

RNA Sequencing {#sec4.5}
--------------

*C. elegans* populations were synchronized by lysing gravid hermaphrodites in a hypochloride solution and incubating the eggs on standard NGM plates seeded with OP50 at 20°C. Worms were then collected at the late L4 stage and RNA was extracted with a QIAGEN RNeasy kit as per the manufacturer's instructions. For each strain, five biological replicates were sent to CeGaT (Tuebingen, Germany) for mRNA Next Generation Sequencing.

qRT-PCR {#sec4.6}
-------

qRT-PCR was used to quantify gene expression levels. RNA extracted from synchronized worm populations was retrotranscribed with qScript cDNA SuperMix (Quanta Biosciences). Gene expression analysis was conducted with Fast SYBR Green Master Mix (Applied Biosystems) on a Step One Plus Real Time PCR System (Applied Biosystems). Primers used for qRT-PCR are as follows: *sod-3*: F 5′-ccaaccagcgctgaaattcaatg-3′ R 5′-ggaaccgaagtcgcgcttaatag-3′; *gst-4*: F 5′-gatacttggcaagaaaatttggac-3′ R 5′-ttgatctacaattgaatcagcgtaa-3′; *his-71*: F 5′-agctcctcgcaagcagct-3′ R 5′-gaaacagctcaacgtttat-3′; *his-72*: F 5′-cttccagtcggctgccat-3′ R 5′-tcgagaattggtgatggagc-3′; and *actin:* F *5*′-tgtgatgccagatcttctccat-3′ R 5′-gagcacggtatcgtcaccaa-3′.

Western Blot Analysis {#sec4.7}
---------------------

Adult hermaphrodites were sonicated in ice-cold RIPA buffer (SIGMA) with protease and phosphatase inhibitors, and resolved on a 12%--15% acrylamide gel. Protein detection was performed with the use of the following primary and secondary antibodies: anti-tubulin (SIGMA), anti-GFP (Roche), anti-HA.11 (Covance), anti-H3 (Santa Cruz), anti-Myc-Tag (Cell Signaling Technology), and HRP-conjugated anti-mouse secondary antibody (Thermo Fisher Scientific).

Statistical Analysis {#sec4.8}
--------------------

GraphPad Prism Software (GraphPad Software) was used for statistical analyses. Other statistical frameworks yielded similar results. Log-rank (Mantel-Cox) test was used for Kaplan-Meier survival curves. qRT-PCR data analysis was performed by comparative ΔΔCt. Pairwise comparison was determined using Student's t test, while one-way ANOVA (Dunnett's post hoc correction) was employed for three or more values. Densitometric values were expressed as means ± SEM and compared using one-way ANOVA followed by post hoc Dunnett's multiple comparisons test. Number of biological replicates is indicated in the figure legends. Statistical significance was defined as ^∗^p \< 0.05. Outliers (2 × SD away from the mean value) were included in all calculations.
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![H3.3 Expression Increases over Time\
(A) Sequence alignment of human and *C. elegans* H3 proteins. Human H3.1 and *C. elegans* HIS-9 are canonical histone H3.\
(B) Quantification of fluorescent HIS-72::GFP in nuclei of 4- and 8-day-old nematodes. Tot, total body; NR, circumpharyngeal nerve ring; Fg, foregut. Mean ± SEM (n = 2). Scale bar, 10 μm.\
(C and D) qRT-PCR of *his-72* and *his-71* in (C) *glp-1(or178)* and (D) *glp-1(bn18)* animals at day 4 and 8 (mean ± SD, Student's t test, n = 3).\
(E) Immunoblot analysis of *his-72p::his-72::gfp* in 4-, 6-, 8-, and 10-day-old *glp-1(or178)* nematodes grown at 25°C (densitometry, mean ± SEM, n = 5).\
(F) Schematic representation of CRISPR/Cas9-modified *his-72* and *his-71* loci expressing HA- and Myc-tagged hH3.3.\
(G) Western blot analysis of HA- and Myc-tagged hH3.3 proteins of 4-, 6-, 8-, and 10-day-old *glp-1(bn18)* animals grown at 25°C (densitometry, mean ± SEM, n = 5). For all data, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.](gr1){#fig1}

![H3.3 Deficiency Affects *C. elegans* Survival and Gene Expression\
(A) Phenotypic characterization of H3.3-deficient nematodes compared to WT and hH3.3 expressing ones (*hH3.3 KI* is a knockin *his-72p::hH3.3::HA; his-71p::hH3.3::Myc*) (n = 3).\
(B) Representative time-dependent stress response to paraquat of *his-72;his-71* double mutants compared to WT animals (n = 3).\
(C--E) Representative survival plots of (C) WT versus *his-72;his-71* mutant animals, (D) WT versus hH3.3-expressing nematodes, and (E) WT versus *his-72p::his-72::gfp* overexpressing animals.\
(F) Representative survival plot of *daf-2*, *daf-2;his-72;his-71*, *daf-16;daf-2*, and *daf-16;daf-2;his-72;his-71* mutant nematodes (for all survival analyses, n ≥ 2).\
(G) Volcano plot comparing gene expression in WT versus H3.3 mutant nematodes (left), WT versus *daf-2* mutant animals (central panel), and *daf-2* versus *daf-2;his-72;his-71* mutant nematodes (right). Log~2~ (fold change) of gene expression levels plotted against -log~10~ (FDR). Red, genes that were significantly dysregulated (5% FDR).\
(H) Pie charts of proportion of genes either significantly up- (brown) or downregulated (orange) in WT versus *his-72;his-71* (left), WT versus *daf-2* (center), or *daf-2* versus *daf-2;his-72;his-71* (right).\
(I) Venn diagram of genes downstream of DAF-16 binding regions (blue) and genes significantly upregulated in *daf-2* mutants (green).\
(J) Expression levels of DAF-16 targets in *daf-2* mutants (black) and in *daf-2;his-72;his-71* mutants, compared to WT. Green, DAF-16 targets significantly downregulated in *daf-2;his-72;his-71*. Red, DAF-16 targets that reverted back to WT expression levels in *daf-2;his-72;his-71*.\
(K) Proportion of DAF-16 targets that were not differentially regulated (black), significantly downregulated (green), or reverted back to WT expression levels (red) in *daf-2;his-72;his-71*, compared to *daf-2*.\
(L) qRT-PCR of *sod-3* and *gst-4*. WT, wild-type; h72;h71, *his-72(tm2066)*;*his-71(ok2289)*; d2, *daf-2(e1370)*; d16;d2, *daf-16(mu86)*;*daf-2(e1370)*; and d16;d2;h72;h71, *daf-16(mu86);daf-2(e1370);his-72(tm2066);his-71(ok2289)*. Bars, mean ± SEM (n = 3). Statistical analysis: one-way ANOVA with Dunnett's post hoc correction. ns, not significant; ^∗∗∗^p \< 0.001.](gr2){#fig2}

![H3.3 Deficiency Alters Survival of the Long-Lived *glp-1* and *nuo-6* Mutant *C. elegans*\
(A) Representative survival plot of WT, *glp-1*, and *glp-1;his-72;his-71* mutant nematodes at 25°C (n = 5).\
(B) Survival analysis of *glp-1;his-72;his-71 triple* mutant animals expressing HIS-72::GFP or hH3.3 and grown at 25°C (n = 3).\
(C) Representative survival plot of WT, *nuo-6*, and *nuo-6;his-72;his-71* mutant nematodes (n = 3).\
(D) Volcano plot comparing gene expression in WT versus H3.3 mutant nematodes (left panel, see also [Figure 2](#fig2){ref-type="fig"}G), WT versus *nuo-6* mutant animals (central panel), and *nuo-6* versus *nuo-6;his-72;his-71* mutant nematodes (right panel). Log~2~ (fold change) of gene expression levels plotted against -log~10~ (FDR). Red, genes that were significantly dysregulated (5% FDR).\
(E) Pie charts of proportion of genes either significantly up- (brown) or downregulated (orange) in WT versus *his-72;his-71* (left), WT versus *nuo-6* (center), or *nuo-6* versus *nuo-6;his-72;his-71* (right).](gr3){#fig3}

###### 

Lifespan Data of *C. elegans* Mutants

  Strain                                                                 Median Lifespan   No. of Animals Dead (Censored)   p Value                                     No. of Replicates
  ---------------------------------------------------------------------- ----------------- -------------------------------- ------------------------------------------- -------------------
  **Lifespans at 20°C**                                                  **Days**                                                                                       
                                                                                                                                                                        
  wild-type (N2)                                                         24 ± 1.1          767 (832)                        N/A                                         9
  *his-72(tm2066); his-71(ok2289)*                                       24 ± 1.5          173 (1,603)                      ≥0.06[a](#tblfn1){ref-type="table-fn"}      3
  *his-72p::his-72::GFP*                                                 25 ± 1.4          116 (276)                        ≥0.34[a](#tblfn1){ref-type="table-fn"}      2
  *daf-2(e1370)*                                                         44 ± 4.4          274 (134)                        N/A                                         3
  *daf-2(e1370); his-72(tm2066)*                                         40 ± 1.4          105 (243)                        ≥0.12[b](#tblfn2){ref-type="table-fn"}      2
  *daf-2(e1370); his-72(tm2066); his- 71(ok2289)*                        32 ± 5.9          272 (615)                        \<0.0001[b](#tblfn2){ref-type="table-fn"}   3
  *daf-16(mu86); daf-2(e1370)*                                           15 ± 0.3          282 (151)                        N/A                                         2
  *daf-16(mu86); daf-2(e1370); his- 72(tm2066); his-71(ok2289)*          15 ± 0.7          233 (170)                        ≥0.05[c](#tblfn3){ref-type="table-fn"}      2
  *his-72p::hH3.3::HA; his- 71p::hH3.3::Myc*                             24 ± 0.7          67 (157)                         ≥0.11[a](#tblfn1){ref-type="table-fn"}      2
  *nuo-6(qm200)*                                                         30 ± 4.0          305 (1,649)                      N/A                                         3
  *nuo-6(qm200); his-72(tm2066); his- 71(ok2289)*                        19 ± 1.5          201 (1,080)                      \<0.0001[e](#tblfn5){ref-type="table-fn"}   3
                                                                                                                                                                        
  **Lifespans at 25°C**                                                  **Days**                                                                                       
                                                                                                                                                                        
  wild-type (N2)                                                         16 ± 0.7          410 (222)                        \<0.0001[d](#tblfn4){ref-type="table-fn"}   5
  *glp-1(bn18)*                                                          26 ± 0.5          320 (427)                        N/A                                         5
  *glp-1(bn18); his-72(tm2066); his- 71(ok2289)*                         19 ± 1.3          614 (230)                        \<0.0001[d](#tblfn4){ref-type="table-fn"}   5
  *glp-1(bn18); his-72p::hH3.3::HA; his- 71p::hH3.3::Myc*                23 ± 1.2          97 (126)                         \<0.01[d](#tblfn4){ref-type="table-fn"}     3
  *glp-1(bn18); his-72(tm2066); his- 71(ok2289); his-72p::his-72::GFP*   22 ± 1.2          139 (47)                         \<0.0001[d](#tblfn4){ref-type="table-fn"}   3
  *glp-1(bn18); his-72(tm2066)*                                          25                44 (28)                          ≥0.05[d](#tblfn4){ref-type="table-fn"}      1
  *glp-1(bn18); his-71(ok2289)*                                          25 ± 0.3          81 (47)                          ≥0.05[d](#tblfn4){ref-type="table-fn"}      2
                                                                                                                                                                        
  **Lifespans in 200 mM Paraquat**                                       **Hr**                                                                                         
                                                                                                                                                                        
  wild-type (N2)                                                         5 ± 1.3           195 (0)                          N/A                                         3
  *his-72(tm2066); his-71(ok2289)*                                       3 ± 0.6           214 (0)                          ≥0.05[a](#tblfn1){ref-type="table-fn"}      3

Statistical analysis: log-rank (Mantel-Cox) test.

N/A, not applicable.

p values compared to wild-type.

p values compared to *daf- 2(e1370)*.

p values compared to *daf-16(mu86); daf-2(e1370)*.

p values compared to *glp-1(bn18)*.

p values compared to *nuo-6(qm200)*.

[^1]: Lead Contact
